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Abstract
[bookmark: OLE_LINK7683][bookmark: OLE_LINK7684][bookmark: OLE_LINK7682][bookmark: OLE_LINK7690][bookmark: OLE_LINK7689]Autophagy is a cellular catabolic process characterized by the formation of double-membrane autophagosomes. Transmission electron microscopy is the most rigorous method to clearly visualize autophagic engulfment and degradation. A large number of studies have shown that autophagy is closely related to the digestion, secretion, and regeneration of gastrointestinal (GI) cells. However, the role of autophagy in GI diseases remains controversial. This article focuses on the morphological and biochemical characteristics of autophagy in GI diseases, in order to provide new ideas for their diagnosis and treatment.

[bookmark: OLE_LINK2104][bookmark: OLE_LINK2105]Key Words: Autophagy; Morphological study; Biochemical characteristics; Subcellular structure; Transmission electron microscopy; Gastrointestinal diseases

[bookmark: OLE_LINK7676][bookmark: OLE_LINK7677]Chang YF, Li JJ, Liu T, Wei CQ, Ma LW, Nikolenko VN, Chang WL. Morphological and biochemical characteristics associated with autophagy in gastrointestinal diseases. World J Gastroenterol 2024; In press

[bookmark: OLE_LINK7678][bookmark: OLE_LINK7679]Core Tip: Autophagy, from a morphological standpoint, shares similarities with other biological processes such as phagocytosis and apoptosis. As an intracellular catabolic mechanism, autophagy, along with the ubiquitin-proteasome system, contributes to maintaining cellular homeostasis. Moreover, autophagy also assumes a role in programmed cell death when apoptosis is absent. Numerous studies have established the close association between autophagy and the physiological functions of different gastrointestinal (GI) cells. Morphological investigations have furnished substantial evidence highlighting autophagy's pro-survival role in benign conditions like intestinal ischemia-reperfusion injury, inflammatory bowel disease, and GI motility disorders. Further research into the involvement of autophagy in GI tumors is necessary to unravel these unresolved mysteries in the future.

INTRODUCTION
Autophagy, as a cellular catabolic process, is closely related to the digestion, secretion, and regeneration of gastrointestinal (GI) cells. Morphological studies have shown that autophagy is similar to other biological phenomena such as phagocytosis and apoptosis, and it is involved in maintaining cellular homeostasis and programmed cell death, as well as cell growth, development, and differentiation. Autophagy has been found to play a pro-survival role in benign GI diseases like intestinal ischemia-reperfusion (I/R) injury, inflammatory bowel disease (IBD), and GI motility disorders. However, under pathological conditions, the role of autophagy in GI diseases varies, possibly due to the different degrees of autophagy or the presence of other factors. Therefore, more studies on the role of autophagy in GI tumors are required to address these unresolved questions in the future. 
[bookmark: OLE_LINK7728][bookmark: OLE_LINK7688][bookmark: OLE_LINK7687]Autophagy occurs in all eukaryotic cells, including plant and animal cells, and is an evolutionarily conserved cellular catabolic process. The occurrence of autophagy cannot be separated from the existence of lysosomes. However, autophagy is rare in cells in a state of normal proliferation. Taking gastric tissue as an example, autolysosomes are difficult to observe by transmission electron microscopy (TEM) under normal circumstances[1]. Autophagy is elevated only when cells lack energy sources (starvation), face external stimuli (invasion by pathogens), and be in disease states (degenerative lesions, cancer, etc.). Thus, autophagy is also thought to often play a pro-survival role. However, in some cases, inhibiting autophagy can actually help to cure diseases. For example, studies have found that autophagy enhances the drug resistance of tumor cells to chemotherapy in kidney cancer, prostate cancer, and other cancers. The combination of autophagy inhibitor drugs and chemotherapy drugs can achieve good therapeutic effects. In addition, autophagy is also considered as a programmed death process. Excessive autophagy is thought to cause cell death. Thus, the effects of autophagy on cells in different states are complex (Figure 1).

AUTOPHAGY
Before the advent of electron microscopy, a variety of particle-containing vesicles could only be observed by ordinary light microscopy. Since 1933, the advent of TEM has accelerated the study of morphology to the subcellular level[2]. Compared with ordinary microscopes, electron microscopes can magnify tens of thousands of times, so submicroscopic structures within cells can be observed. Thus, electron microscopy is the "gold standard" for studying autophagic morphology. TEM images can provide information such as autophagosome integrity, changes in the number and volume of autophagic vesicles, and autophagosome-lysosomal interactions. In addition, this technique allows visualization of organelles inside autophagic chamber to distinguish whether autophagy is selective autophagy. Observing by TEM, we can clearly capture the moment of fusion of autophagosomes and lysosomes and the morphological changes of organelles during degradation.
[bookmark: OLE_LINK7686][bookmark: OLE_LINK7685]The process of autophagy can be divided into five stages: Initiation, elongation, closure, fusion, and decomposition. Morphological studies of autophagy have found that a bilayer membrane structure derived from the endoplasmic reticulum without ribosomes is first formed in the cell, and the degenerate organelles form distinct aggregates, which are gradually surrounded by this bilayer membrane structure. The membrane of the autophagosome is continuously elongated and gradually envelops the aggregates. Eventually, autophagosomes fuse with lysosomes to release acid-lysozymes to break down the contents. Generally, typical features of different stages of autophagy can be observed simultaneously by TEM. According to the type of autophagic body contents, autophagy can be divided into selective autophagy and non-selective autophagy. Non-selective autophagy occurs when various organelles such as the endoplasmic reticulum and mitochondria accumulate in autophagosomes. When selective autophagy occurs, aggregation of only one type of content can be observed in autophagosomes. Common inclusions include mitochondria, lipids, and foreign pathogens (such as bacteria and viruses). Autophagy is also divided into macro-autophagy, micro-autophagy, and chaperone-mediated autophagy. The autophagy mentioned in this article mainly refers to macroscopic autophagy.

AUTOPHAGY AND GI CELLS
[bookmark: OLE_LINK7697][bookmark: _Hlk157611551][bookmark: OLE_LINK7691][bookmark: OLE_LINK7692][bookmark: OLE_LINK7698][bookmark: OLE_LINK7699]The GI tract is the largest contact area with the external environment of the cavity organs. Many biochemical reactions occur in the GI tract every day. GI epithelial cells together with a variety of microorganisms constitute the first barrier of the human digestive system. GI cells are made up of three types of cells: Digestive cells (master cells and absorptive cells), secretory cells (goblet cells and Paneth cells), and regenerative cells (stem cells). Goblet cells are mucus-secreting cells that form a physical barrier between intestinal epithelial cells (IECs) and the external environment. One study found that autophagy produced a thicker, less penetrating mucus layer in mice, which enhanced intestinal anti-inflammatory function[3]. Mucus production protects gastric mucosal epithelial cells from chemicals (e.g., alcohol and nonsteroidal anti-inflammatory drugs) and microorganisms. In that study, Naama et al[3] also found that autophagy relieves endoplasmic reticulum stress through autophagy-related protein Beclin1, thereby promoting goblet cell mucus secretion. Similarly, Paneth cells secrete antimicrobial proteins that are highly dependent on endoplasmic reticulum stress and autophagy levels[4]. Gorbunov et al[5] found that autophagy plays a role not only in secretory cells, but also in intestinal stem cells. Yang et al[6] demonstrated that autophagy is required for ileal stem cell maintenance and mammalian survival. In addition, recent studies have shown that autophagy is required to maintain increased enterocyte proliferation in honeybees[7]. 
According to reports, amino acid deficiency can regulate autophagy activity in IECs[8]. The researchers found that autophagic vacuoles increased by TEM and confocal microscopy[9]. In addition, exposure of IECs to hypoxia and lipopolysaccharide for 24 h not only increased the number of autophagic vesicles, but also significantly increased their diameter[10]. Interestingly, in the midgut epithelial cells of shrimp, approximately 40% of cells show signs of autophagy. The endoplasmic reticulum pool, electron transparent content, vacuoles, poly-vesicles, lamellar bodies, vesicles of autophagosome in lipids, and electron dense particles were observed. In addition, the researchers observed that degenerated mitochondria were mainly concentrated in autophagosomes (mitochondrial autophagy). A study has found that the reduction of intestinal cell volume in shrimp involves a programmed process that requires autophagy. In addition, UBA1 knockout significantly reduced the size of midgut cells, and double membrane autophagosomes containing mitochondria or ribosomes were observed in the cytoplasm[11].

AUTOPHAGY AND GI PHYSICAL BARRIER FUNCTION
[bookmark: OLE_LINK7702][bookmark: OLE_LINK7703]GI epithelial cells constitute the first barrier to protect the alimentary tract from injury. The intestinal epithelial tight junction (TJ), which is the second line of defense in the intestinal mucosa, protects against permeation of luminal antigens, endotoxins, and bacteria into the blood stream. Recent research found that autophagy promotes membrane localization of occluding protein, a principal TJ component involved in TJ barrier enhancement, which could protect against inflammation-induced barrier loss[12]. Furthermore, Kim et al[13] discovered that protease-activated receptor 2 regulates autophagy and intestinal epithelial TJs, thus reducing intestinal epithelial permeability. Additionally, another study discovered that rapamycin (autophagy inducer) dramatically improved intestinal damage in benzo[a]pyrene induced intestinal epithelial TJ disruption[14]. In conclusion, the activation of autophagy plays an important role in maintaining intestinal barrier function against toxic chemicals, intestinal inflammation, and intestinal permeability. 
[bookmark: OLE_LINK7705][bookmark: OLE_LINK7704]The intestinal epithelium is frequently exposed to the invasion of many foreign pathogens, leading to increased permeability and intestinal barrier loss. When bacteria infect host cells, selective autophagy initially engulfs the pathogens to limit the access to nutrients. Although autophagy initially triggers an innate immune response that induces intestinal immune cells to produce interferon and clear harmful pathogens, some bacteria (such as Escherichia coli, Salmonella, and Listeria) have evolved strategies to inhibit or escape it. For example, Escherichia coli hinders the autophagosome-lysosome fusion to inhibit autophagic flux, thus preventing the clearance of acidic hydrolase[15]. Besides that, Yang et al[16] suggested that Salmonella escapes host immune responses by inhibiting autophagy degradation. Previously, a large number of bacteria have been shown to evade NOD pathway-mediated intestinal immune surveillance by inhibiting autophagy[17,18]. Molecule evidence has been found that autophagy is involved in the secretion of membrane vesicles from Listeria monocytogenes in vitro[19]. In addition, one similar study discovered that Fusobacterium modulates autophagy to survive, thus aggravating experimental colitis via the miR-574-5p/CARD3 axis[20]. The latest findings show that bacterial extracellular vesicles induced mitophagy through mTOR pathways relieve oxidative stress in colonic epithelial cells[21]. Libertellenone T, a compound isolated from Endolichenic fungus, also induces autophagy to strengthen the epithelial barrier function of the colon[22].
[bookmark: OLE_LINK7709][bookmark: OLE_LINK7708][bookmark: OLE_LINK7706][bookmark: OLE_LINK7707]In contrast, some viruses exploit autophagy for replication to survive inside intestinal cells. Recently, the effect of autophagy on SARS-CoV-2 infection has drawn much attention. Some studies showed that SARS-CoV-2 exploits host autophagy machinery for intestinal dissemination[23,24]. Furthermore, Cloherty et al[25] proofed that Berbamine, a selection of autophagy-blocking drugs, can suppress intestinal SARS-CoV-2 infection as well as prevent SARS-CoV-2-mediated disruption of the intestinal barrier via an autophagy-mediated BNIP3 mechanism. However, not all viruses have evolved such an escape mechanism. One study discovered that autophagy induced by urolithin A, an intestinal metabolite of ellagic acid, inhibits enterovirus 71 replication in infected cells[26]. In addition, another study discovered that the autophagy gene (ATG) Epg5 plays an important role in intestinal antiviral signaling by modulating interferon-γ responses[27]. 

ATG MUTATIONS AND INTESTINAL INFLAMMATION
[bookmark: OLE_LINK7714][bookmark: OLE_LINK7715]Autophagy dysfunction can lead to disruption of intestinal barrier function, triggering an immune response and leading to chronic intestinal inflammation. Genome-wide association studies have found that mutations in ATGs are associated with IBD. At present, many autophagy-related genes (such as ATG16L1, ULK1, NOD2, LRRK2, and IRGM) have been shown to be susceptibility genes for IBD[28,29]. One study found that ATG5 expression in intestinal myeloid cells modulates IL-12, thereby preventing uncontrolled IFN-γ-driven intestinal inflammation[30]. Furthermore, mice with specific deletion of ATG16L1 in IECs have aggravated intestinal injury[31]. ATG16L1T300A is a single nucleotide polymorphism of the susceptibility gene for Crohn's disease (CD)[32]. Further studies have shown that autophagy disorder caused by the ATG16L1T300A polymorphism contributes to the increased risk of CD through NF-κB-mediated inflammation[33]. In addition, researchers have found that ATG16L1 interferes with Paneth cell secretion of antimicrobial agents and dendritic cell antigen presentation, which leads to intestinal mucosal barrier dysfunction and the development of CD.
In recent years, more and more animal experiments have revealed the presence of a large number of autophagic vesicles accompanied by mitochondrial vacuolization in DSS-induced colitis. In Wistar rats, vitamin D has been shown to alleviate stress colitis through mTOR-STAT3 signaling and regulation of autophagy[34]. Similarly, we found that activation of estrogen receptor β, which is highly expressed in intestinal tissues, can inhibit colitis by promoting NLRP6-mediated autophagy[35]. In addition, Ma and collaborators demonstrated that Parkin loss may lead to high drug resistance in DSS-induced colitis[36].

AUTOPHAGY AND GI DISEASES
Intestinal I/R injury
Intestinal I/R injury is a common GI barrier dysfunction. The ultrastructural changes of the intestinal epithelium under the transmission electron microscope can provide information about the early changes of intestinal I/R, including the ischemia phase and reperfusion phase. One study showed that a large number of autophagosomes were found in the cytoplasm of colonic epithelial cells after 1 h of ischemia, with organelle damage, cytolysis, and lysosome formation[37]. However, in another study, a significant reduction in autophagic vacuoles was observed in intestinal tissues 4 h after reperfusion by TEM[38]. Another study found that the number of autophagosomes and autolysosomes increased at 4 h and decreased at 20 h after I/R upon electron microscopy analysis of intestinal epithelial tissues taken at 0, 4, and 20 h after I/R[39]. Thus, based on morphological evidence, autophagy has a conflicting role in the pathology of I/R-induced intestinal injury. In addition to TEM results, several studies have found that the autophagy-related marker LC3BII/I ratio and the mitophagy-related PINK1/Parkin pathway are significantly up-regulated during intestinal I/R injury[40-42]. Consistent with this, Liu et al[43] demonstrated in rat experiments that inhibition of autophagy alleviated intestinal I/R injury through the miR-146a/TXNIP axis. Similarly, upregulation of miR-182 in I/R mice leading to a significant reduction in autophagosomes has also found morphological evidence observed by TEM[44]. Studies have found that selenium nanoparticles can effectively alleviate intestinal epithelial barrier damage by inhibiting autophagy mediated by the TBC1D15/Rab7 signaling pathway[45]. In contrast to the above studies, activation of the AMPK/ SIRT1-autophagy pathway alleviated intestinal I/R injury[46,47]. These studies seem to suggest that autophagic changes during the ischemic phase play a more decisive role in the course of the disease. Therefore, studying the role of autophagy in intestinal I/R injury may require a more unified modeling approach and further analysis of the morphological changes of autophagy in different periods. Another common intestinal barrier dysfunction is necrotizing enterocolitis. The ultrastructure of rapamycin-treated IEC-6 and Caco2 cells was observed by TEM, and the formation of autophagic vacuoles was significantly accumulated, which could be reduced by human β-defensin-3 (hBD3) treatment[48].

GI motility disorders
[bookmark: OLE_LINK7717][bookmark: OLE_LINK7716][bookmark: OLE_LINK7719][bookmark: OLE_LINK7718]Functional dyspepsia (FD) is a common GI motility disorder, affecting 11.5%-29.2% of people worldwide. Interstitial cells of Cajal (ICC), especially muscle ICC (ICC-MY), are the key cells to GI motility. Early studies found that the impaired autophagy of ICC was closely related to gastric hypomotility in rats with gastroparesis[49], especially with the reduction and structural abnormalities of ICC-MY cells. Zhang et al[50] observed a large number of autophagosomes in the ultrastructure of ICC-MY in the FD model group by electron microscopy, and even degeneration or reduction of organelles. This suggests that increased autophagy and decreased differentiation of ICC-MY play an important role in FD. In addition, Drp-1 mediated mitophagy in ICC significantly promoted gastric motility in FD rats. Lee et al[51] also found that the traditional Chinese medicine compound Chaihu Shugan powder inhibits ICC autophagy through the PI3K/PDK1 pathway, thus playing a role in promoting GI motility. In addition, many studies have found that electroacupuncture can improve GI motility disorders by activating autophagy[52-54]. In addition, Fu et al[55] demonstrated that exosomes derived from patients with irritable bowel syndrome have an inhibitory effect on autophagy in human colonic epithelial cells by promoting ATG14. Although there are still many mysteries about how autophagy is impaired in GI motility disorders, with the further accumulation and analysis of morphological evidence, it is believed that more new regulatory mechanisms will be discovered in the future.

GI cancers
GI cancers have attracted much attention due to their high recurrence and metastasis rates, difficult diagnosis, and poor prognosis. More and more evidence has shown that although chemotherapy drugs are clinically effective, it has become a common phenomenon that many patients develop chemotherapy resistance in GI cancers during treatment.

Gastric cancer: Gastric cancer has attracted much attention due to its high recurrence and metastasis rates, difficult diagnosis, and poor prognosis. Common treatments include surgical resection, radiotherapy[56], and chemotherapy. Helicobacter pylori infection is a common cause in patients with gastric cancer. A study of H. pylori-positive human biopsy specimens revealed onion-like (autophagosome-like) structures containing intact bacteria as well as autolysosomes enclosing degraded material[57]. A number of studies have confirmed that autophagy is related to the chemoresistance in gastric cancer, including resistance to oxaliplatin, cisplatin, and paclitaxel[58-62]. It was found that in paclitaxel-pretreated BGC gastric cancer cells, typical double-membrane autophagic vacuoles and residual organelles around the nucleus could be clearly captured by TEM[62]. Further morphological studies revealed that overexpression of SIRT5, Sec62, and TOB1 genes can induce autophagy in gastric cancer cells[63-65]. Of course, autophagy activation is not present in all drug-resistant gastric cancer cell lines. He et al[66] observed multiple autophagosomes (double-membrane structure) and autolysosomes (single-membrane structure) in the cytoplasm of BGC gastric cancer cells treated with 5-FU. Moreover, the ratio of autophagosome area to that of the cytoplasm was significantly different from that of the control group. However, in AGS cells treated with 5-FU, few autophagosomes and autolysosomes were observed by TEM. In addition, gastric cancer cell-derived exosomes (GC-Ex) have been found to have the ability to induce neutrophil autophagy[67]. The number of autophagosomes was increased in treated neutrophils. TEM and immunofluorescence staining showed that neutrophils treated with GC-Ex had more autophagosomes than those in the control group. Further study showed that FTO silencing reduced the number of autophagosomes in SGC-7901/DDP cells[68].

[bookmark: OLE_LINK7723][bookmark: OLE_LINK7722]Colorectal cancer: Colorectal cancer (CRC) is the third most common malignancy and the second leading cause of cancer death in the world. Multiple clinicopathological studies have confirmed that several autophagy-related genes, such as ATG9B, ATG4B, and ULK1, are CRC prognostic markers[69-72]. Accumulating evidence suggests that cytoprotective autophagy not only increases cancer cell survival, but also enhances tumor drug resistance in CRC[73-75]. One study showed that inhibition of autophagy enhanced doxorubicin hydrochloride-induced apoptosis in human colon cancer cells[76]. Further studies found that MTOR signaling dependent mitochondrial dysfunction promotes colorectal cancer cell death[77]. Regulation of the Beclin1/Beclin2 signaling pathway may be the key to inducing autophagic death of colorectal cancer cells[78-80]. In addition, a study on the mechanism of lipopolysaccharide-induced injury in the colon adenoma cell lines Caco-2 and HT-29 showed that autophagic flow was blocked at the autolysosome stage in vitro and in vivo[81]. Moreover, Bacillus Calmette-Guerin has been shown to induce autophagic cell death through TLR2 and TLR4 signaling pathways in a radiosensitive colorectal cell line[82]. In addition, Liu et al[83] found that induction of autophagy-related ferroptosis through the MEK1/2/ERK/c-FOS axis enhanced the sensitivity of colon cancer cells to chemotherapy. TEM showed mitochondrial destruction and increased number of autophagosomes in the diabetic group compared with the non-diabetic group[40].

Autophagy and GI drugs: Autophagy is closely related to the occurrence and development of GI cancer and drug resistance. A large number of studies have found that a variety of natural compounds can induce autophagy to exert anti-cancer effects. For example, salidroside was found to induce autophagy in AGS cells[84]. Moreover, autolysosome accumulation in gastric cancer cells treated with narcicycline and galangin was observed under the electron microscope. TEM showed that the number of autophagosomes increased in lutein-treated IEC-6 cells[8]. In addition, several Chinese herbs such as ononin, celastrol, licorice, and Jianpi-Qingchang decoction have been shown to protect IECs and treat experimental colitis by activating mitophagy[85-88]. Subsequently, Truzzi and colleagues demonstrated that stimulation of autophagy by a combination of spermidine and eugenol supplements reduced intestinal inflammatory parameters[89].

CONCLUSION 
From the perspective of morphology, autophagy is similar to the biological phenomena such as phagocytosis and apoptosis. As an intracellular catabolic mechanism, autophagy and the ubiquitin-proteasome system jointly assume the role of maintaining cellular homeostasis. Not only that, autophagy also plays a role in programmed cell death in cells lacking apoptosis. Autophagy is inextricably linked to cell growth, development, and differentiation. A large number of studies have confirmed that autophagy is closely related to the physiological functions of the GI tract in different types of GI cells. Morphological studies have provided us with a large amount of evidence that autophagy plays a pro-survival role in benign diseases such as intestinal I/R injury, IBD, and GI motility disorders. However, under pathological conditions, the role of autophagy is not the same, which may be due to the different degrees of autophagy or the existence of other factors. Therefore, more studies on the role of autophagy in GI tumors are needed to solve these unsolved mysteries in the future.
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